The elution of particles from a coupled acoustic-gravity channel has been controlled by a phase-shift operation. Two ultrasound transducers pasted onto the top and bottom walls of a separation channel were driven at the same frequency, but with different phases. Changing the phases of the ultrasounds has allowed the formation of a node near the channel wall, and particles are retained in the channel. Two types of particles are separated under an appropriate condition.
Field flow fractionation (FFF) has proved to be useful for separation of macromolecules and particles. [1] [2] [3] [4] [5] [6] In this method, analytes distribute across the separation channel according to their hydrodynamic sizes and other physical properties, depending on the utilized field, and are then carried by an orthogonal laminar flow down to the outlet of the channel. The selection of a physical field is essential for the successful application of FFF; sedimentation, cross-flow, and electric fields are often employed in FFF. Analytes undergo a transverse force, and are accumulated in the vicinity of the channel wall. In the laminar flow, the fastest streamline occurs at the center of the channel and zero streamlines near the wall surfaces. Analytes widely distributed over the channel crosssection move at a faster rate than those compactly accumulated near the wall. They thus travel along the channel at different rates, and are eventually eluted at different times according to the force they undergo in the channel.
The retention or separation of analytes strongly depends on the nature of the physical force employed. For successful FFF separation, it is essential to develop a novel physical field that recognizes analytes based on the properties that other fields cannot resolve.
In our previous papers, [7] [8] [9] we showed that a coupled acousticgravity field is potentially useful for the separation of particles. The aggregation coordinate of a particle in this field is given by
where x is the distance from the nodal position, k is the wavenumber of the ultrasound, respectively, Eac is the average acoustic energy density, g is the gravity acceleration, and ρ, c and γ are the density, the sound velocity and the compressibility of a medium, respectively, and asterisks represent the corresponding properties of the particle. Equation (1) suggests two important features in this field: (1) particles are recognized
according to their density and compressibility and (2) the sizes of the particles do not affect their behavior. The former is a characteristic of acoustic fields, whereas the latter is unique to an acoustic-gravity field. Acoustic fields have been used for particle concentration and manipulation, and a number of papers treating this topic have been published. [10] [11] [12] [13] [14] [15] [16] However, the effects of gravity are usually ignored, and the acoustic separation of particles of different materials has not been reported.
Control of the nodal position in an acoustic standing wave is important for successful applications of a coupled acousticgravity field. Two operational modes can be devised for this purpose: i.e. a frequency change and a phase-shift mode. In the former mode, the nodal position is varied by changing the ultrasound frequency. 8 Although this operation is feasible, the system should often be operated under off-resonance conditions; a high voltage should be applied to ultrasound transducers, causing unwelcome heat dissipation. In contrast, a phase-shift mode allows us to control the nodal position while keeping a resonant condition of the entire system. In the present communication, we show the usefulness of a phase-shift operation for elution control and the separation of particles.
Experimental
The coupled acoustic-gravity field channel used in this study is schematically illustrated in Fig. 1 . A boat-shaped 0.8 mmthickness PTFE spacer was sandwiched by 0.08 mm-thickness PTFE films, on which lead-zirconate-titanate (PZT) transducers with 500 kHz frequency (20 × 20 × 4.2 mm, Fuji-ceramics Inc., Japan) were glued with an epoxy adhesive. The PTFE films were tightly fixed with two aluminum plates having an appropriate space, in which the PZT transducer was accommodated. Two holes, i.e. the inlet and the outlet for the carrier, were drilled through the upper aluminum plate. The effective channel length was 20 mm, and the total length was 40 mm.
Sinusoidal electrical signals generated by a function generator (WF1946, NF Electric. Co. Ltd., Japan) were fed to PZT transducers after amplification by bipolar high-speed amplifiers (HAS 4015 and 4101, NF Electric Co. Ltd., Japan). Although the transducers were driven by the identical voltage, the phases of the sinusoidal signals were varied to allow control of the nodal position (see below). In this study, the phase of a sinusoidal signal imposed to the bottom transducer was taken as a reference, and therefore that applied to the top transducer is reported as a phase-shift. Degassed MilliQ water was fed to the channel as a carrier by a syringe pump (Model 11 55-1199, Harvard Apparatus Inc., US) via a liquid chromatograph injector with a ∼10 μL sample loop. The flow rate was 100 μL min -1 , which permitted us to keep the laminar flow in the channel. Eluted particles were detected by a UV detector (875UV, JASCO, Japan). The injector, the channel, and the detector were connected by φ = 0.4 mm PTFE tubes.
Polystyrene (PS: 3 μm) and poly(acrylonitrile-co-vinyl chloride-co-methyl methacrylate) (PAVM: wet-expandable spheres having 5 -8 μm diameter) were purchased from Aldrich.
Results and Discussion

Ultrasonic standing wave profile in the channel
When a transducer placed on the bottom of the channel is actuated, the acoustic pressure at a distance z from the bottom of the channel is given by
where p0 is the pressure amplitude at z = 0 (i.e. at the bottom of the channel), ω is the angular frequency, and α is the amplitude absorption coefficient given by 17
where μ and μ′ are the shear viscosity and bulk viscosity; for f = 500 kHz, α for water is equal to 5.5 × 10 -3 m -1 at room temperature (ρ = 10 3 kg/m 3 , c = 1500 m/s, μ = 10 -3 kg/(ms), μ′ = 2.4μ). The acoustic pressure from the upper transducer is similarly described by
where h is the channel height (i.e. z = h at the top wall surface) and Δϕ is the phase shift in degrees. The superimposition of pb(z,t) and pu(z,t) gives the overall standing wave pressure as
ptotal(z,t) = pb(z,t) + pu(z,t)
According to this equation, the positon of the node can be adjusted by changing Δϕ. If the channel height is adjusted to λ/4 (λ, the wavelength of the ultrasound), the node is formed near the channel wall with Δϕ = 90˚ or 270˚, and at the center of the channel with Δϕ = 180˚. Varying Δϕ thus allows us to control the nodal position without changing the acoustic frequency. As noted above, this is advantageous because large acoustic energies can be imposed with a relatively low applied voltage. Thus, we can avoid energetic losses and unnecessary heat dissipation.
Effect of a phase shift on particle retention
The periodic dependence of the elution time of the PS particles on Δϕ was confirmed with the channel illustrated in Fig. 1 . Although the appearance of weakly retained peaks made difficult to find a clear relation between the elution time and Δϕ, strong retention occurred with Δϕ = 90˚ and 260˚. For particle retention in the channel, the node of a standing ultrasound wave should be formed near the channel wall, where slow streamlines occur. Equation (6) predicts that the node should be formed near the top of the channel at Δϕ = 90˚, and near the bottom of the channel at Δϕ = 260˚ under an ideal condition, as shown in the inset of Fig. 2 . The elution curves obtained for the PS particles with Δϕ = 90˚ and 260˚ and without ultrasound radiation are also compared in Fig. 2 . Although both phase shifts (Δϕ = 90˚ and 260˚) retard the elution times of the PS particle, the retention times are obviously different; Δϕ = 90g ives the longer retention time. There are several possible reasons for these results: a deviation of the actual condition from the ideal one; the channel thickness is not exactly equal to λ/4; unexpected modes act for particle aggregation etc. Harris et al. 12 showed that there are a number of modes in the standing wave field, and thus we cannot conclude which mode is responsible for the trapping of particles in this experiment. Although a clear reason has not been specified at the present stage, the phase-shift operation does work, and is useful for particle retention on the channel.
Particle separation
The elution behavior of the PS particles (diameter 3 μm, ρ* = 1.05 g cm -3 , γ* = 2.38 × 10 -10 Pa -1 ) is compared with that of the PAVM particle (diameter 5 -8 μm, ρ* = 1.20 g cm -3 , γ* = 2.5 × 10 -10 Pa -1 ) 7 at Δϕ = 90˚ in Fig. 3 . After the particles were introduced into the channel, the mobile phase flow was stopped for several minutes to allow the particles to aggregate at the equilibrium positions. As shown in the inset of Fig. 2 , the node should be formed near the top wall at Δϕ = 90˚. The A values defined in Eq. (2) are 0.53 and 0.63 for PS and PAVM particles, respectively, suggesting that larger acoustic forces can be imposed on the latter.
However, PAVM particles are aggregated at lower coordinates than PS particles due to their larger density; the (ρ -ρ*) term more strongly influences the aggregation coordinates than the A term in this particular case. When the phase shift is set to 90˚, the PS particles should be aggregated in a closer vicinity of the top wall than the PAVM particles as a result. The PAVM particles should thus be eluted earlier than the PS particles because the former stay in the faster streamlines. Actually, the elution time for the PS particle was 380 s, while that for PAVM was 180 s. The main elution peak of the PS particles was always accompanied by a retarded peak, which appeared at 610 s in this elution curve. This must have been caused by an impurity because it always appeared when the PS particles were eluted from the channel (see Fig. 2 as well). Figure 3C shows an example of the separation of PS and PAVM particles. The elution times were 170, 330 and 610 s, which corresponded to those obtained with individual injections of these particles. To the best of our knowledge, this is the first acoustic separation of particles of different materials. 
